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region particulany because of the cresence of resonances. Lonsceiane
work has been aone or sphencaty and Cyingnca:y Snabed obiecis oL’
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gver, have researchers reportea resuits for giongated obiecis sucn as
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highes-frequency region are reponed. Some of tha discussea results 1~
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1 Introduction

Resonances are pervasive and occur in all areas of wne phys-
ical, engineering. and biciogical sciences. Tney are char-
acterized by the fact that they occur - discreis frequency
values, and when they occur. 2 cnassiisnstic event takes
place. This everi can be compiicated and difficult 10 ds-
tinguish from ctner physical mechanisms unreisted to ree-
onances. put tney are usualiv distnguishadie and cao
related 10 2 particuiar prozess. Our interest 1 103s paper s
to invesugale paricuiarly large ang distinguishabie resc
nances that man:fest themseives w oot the lrequency and
time domains. in tne acoustics literawre. three main classes
of resonances have been studied.!~'7 These are Lamb res-
onances for shells and Rayleigh resonances and whispenng
gallery resonances for solids. These resonances are ot par-
ticularly pronounced, and in this work we examine classes
of resonances that are more pronounced in magnitude or
pattern in either the ume or frequency domauns. lo the next
section we examine some useful theorencal considerauons
and then go on o exampies of (1) fiexurai or bending res-
onances caused by plane oblique incident waves on 2 sphe-
roid, {2) resonances at the coincidence frequency {the fre-
quency at which the phase speed of the fiexural Lamb wave
equals the speed of sound in the fluid) on elasuc shells. and
{3) thickness ‘‘resonances’’ caused by high-frequency ir-
cident plane waves on 4 submerged elastic sheil. Eech of

hp:r ATR-O2 received Feb 28 1951 accepuest for oublizagon Juae 29, 1990
1972 Swaterv of Mhoro-Uptcsd Inssumerauon enpacets 00y,-32869251 OC
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1nese ciasses of resonances 1§ ratner farge. nas cnar=clensi
curves, and has iocauons that can be predicted using siv-
oiified expressions.

2 Theorstical Considerations

2.1 Raviegh, Lamb, and Fisxural Resonances

Wc bnﬁﬁy discuss Sexural of Dending resonances exgral
2 sphero.d. and for contrast wiz more wed wo
onances caused by e generation of Rayiergn waves on in
eiasac solid and Lamp waves on ewasuc sheils. More getane.
discussions were presented in two other papers 7 Ray-
ie1gh, or rather leaky-Rayleigh-type, resonances are gen- -
erated when incident plane waves unpinge on fiuid-joaded
elastic solids of rotapoa such &s spheres and spherords. The:
correspond to frequencies at which the Rayieigh waves nave
half-integral waveiengths on the object surface tihis doe:
not preclude intenor contriputions of the waves), thus pre-
ducing standing waves on the surface. which in turm ragiat
pack into the fluid. The extended boundary conditon (EBC
method!~® offers the possibibity for predicting such resc-
nances (see Ref. 17). Lamb resonances are the analog ic:
shells in which it is possible to excite both symmetnc tex-
tenstonal) and antisymmetric (Aexural) resonances ©! The
pending or fexurai resonances (flexurals in this context are
not to be confused with antisymmetnc Lamd modes) oceu:
on elongated objects such as spierowds both tor solids anc
snells and can e modeled using tne approximate Lrecry

peamns aue to Timoshenko '




2.2 .Resonance Scattanng Theory—Time Domain

The partial wave series thet emarges from normai mods
theory for separable gcomcmcs can be represented 1n au:-
lnct partial waves or m It has been snown that
representation dus o a dlsuncr mode n can be wnner n
the Breit-Wigner form!*:

fn(x)=

where x=ka and x. ' is the n'ta mocs. (217 15 the res.
onance half-width, and where

R (x)

g

pre (r)y -
expi2igy)]

Here we have adsorbed the (2r — 1) factor 1o ine expansic
coefictent. Equation (11 is hers ymphciny ungarsionsd ©
apply forthe i = | rasonance contained % ing 21 0 MoG:
This form 15 of interest pecause it shows ina: a modaj coo-
wibunion can pe represented 1 terms of an asousuical back-
ground as well as the resonance contribution. Noté that tus
form of a resonmance occurs 1 many ornches of physics
and sngineenng. TRIs representation presenis ing resoranses
n 8 manner such that the resorant part (tne first term o tne
braces) is cleariy separate from the potentiar part tthe second
term). Funther, 1t shows expiicitiv the half-widtn as weli as
the frequency of tne resonances. The form of E¢. (11 also
praves useful because we use resigue thesmy 1o Founertars
form this equation (o the time domain

We consider two incident waveforms tsee Rels. [ trough
21). one a deita function in tims, whicn gives a CORLAUOLS
and constant (cw) frequency scectrum. and (ne OLrer a puls?
which 15 sufficientiv iocaitzed n uma2 we o
1soiate individua: events i tno s2a <

nered s

Pomcostwad) 2xn — 0T = cON kG aS ) By =2 O -

Where $ =t & = 27 A, 2nd Wt 552 rguces ums
variableand kistne incident wavenumber. Here we referto
upastnecarnerirequency. The scattered sigra: in the ume
domain is

rx

&(ka)z !

-z

EXDIKGSY COSIERAnS | Xy — O»S:V e

T oaxpl = tkn = kagyidu K

Tre ume-gomain solution for e parisular 25 1s 0DIAING,
from,

I [?
Pe=r—1  exoi ~ilkals] [ (kaypiika) dirg 4

-
2ml s

in geseral. wz usz one af the two Lo tor a

o
"y

e -

3;(ka)-{l o L, v (s

(€ exnl = (ka - kay1Tidal  pulse

Because of the phase-aversging affecis in tne nonresonanc
TCRION, 1L 1S & gOOC ASSUMPLION LAl the oniy Contpuion:
amse

in Eg. (5) occur at resonances e en at the ex-
pression
{ g)r(,,
rx \2.
‘( SRR = ) ) dra
Jee 0
X=X, -’Ey}r;
1\ r t =
S )T sin(a sy expl -4 2TV %
2, .\l ;

By summing the pole cominbutions. wa amii e 3t the expres
5100

-\: I i i e i -
I T T I A b
ASm\ 2/ e

WRere the SUM 1S OVEr & 25t O IesCRances f we are.n -
Irequency regIon wner? tne resenance widing and spasing:
are approximaieiy unifornn. (hen

o)

L ’ . - ‘., . . .
I‘,,;:n:!“,, A0 Xna ! ™X. WL = Laa =AY R

Then. by summing 2 conmbunons fom (2 nast. througr
50me (gONOmeIne manipulalicn. Wwe oblals e imponas:
expression

JRReY

Foors Planicien coslas st exm -2y L (G
where
1 H"':u
5
.—:"7 P
I

WD Snows ciearns
guensy. reiaisd 1 int 5-&..5" ve
an envelgpe trequenty. rejated 1 e grou
as the exponential aamping facter, whicn, as ;
15 Xnown (0 bz rejated to tne haii-widih.

We can summanze tne resulis indicated by Eg (91 as
foliows:

3

!. The half-width 15 associated with tne decay of the
response in tne wme-domain soluticn tne response
decreases sxponenualiy with increasing vaiue of tre
half-width, Trus 15 not altogetner unexpecied because
narrow resonances are assodiated with long ringire
times, angd 1t 1s analogous 10 well-dzfined energie:
Peing assoctated with long hali-tives in guantum prv s-
1C3

sl

2. The larger (ne number of aciacent resonances !2
sensed. the more shamply denned tne rewim puise o
enveiope funcuon (the beats: and tne more gnhance!
tha retyrn signai wili po. Unseraporoonete condinen:
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we can get the group velocity OF 2 5peCific npe ot
rescnance.

3. The larger the carner frequency. the more osciilaten
the signal wiihin the enveicpe will be

4. If several adjacent resonances sensed by & signa 22
different in character in the region af the camer i
quency. then it becomes Cifficuit to interpres resuits
in terms of a group velocity associaied with a parus-
ular resonance rype. Attempts ab such nierpretations
could lead to erroneous resulis. Far sxampie. if cze
senses w0 resonances. one a Rayieigh resonance and
one a whispenzg gallery resonance. the extraciion of
8 group velocity associated with g soecific rype 25
onance wauld lead to error.

2.3 Thickness Effects Caused by Internal
Rellacuons from a Sheil at Hign Frequenty

If one scatters a piane wave {rom an elasuc shell at a fre-
quency at which the interior wavelengih fassodiated win
the compressional \siocity of the matenail 15 equai 10 20
integral value of the thickness. then 1t ¢2r B¢ shown Wat
the sheli will appear cansparent to the signai. Consequentis.
the signal will redect off of the inner sumace of e wet.
and add coherentiy with tne specular signal ot categuesn
For evacuated sheils, this tenas 1o proguse a maximum at
such values. and ingeed. results that foilow substannale this.
This maximum occurs at the criuical frequency of tiie £rst
symmetric Lambd mode 51 in the shell. Although this resudt
Is not properiy a resonance’’ :n the sense of the other
processes discussed here, for went of a bauer term we Wikl
refer to this rather large respense as a resonznce. Jt can alse
be shown thet the upper vaite of ka at which this process
takes place for a given thickness and muitiple of 2 halt
integer terminates with the lowest partiai wave ailowed
Thus, an examination of the partial waves at the lewee:
mode can substant.2lz our interpretauon of tus ppenome-
non, which is illusrated in the last secnen,

3 Anaiysls of Reguits

In this secuon we anaiyze frequency- ana ime-COMELR sCal
te.ing for ive types of resonances. The arstanaiysis pertains
to Rayieigh- and Lamp-type resonances. mainly o donwasl
with the remaining resuits We then exzmine fexural 7
bending resonances. Next, we anaiyze WC ana steel snels
at coincidence frequencies ({requencies at which the fieaurz.
phase velocity is equal to the speed of sounc in the sur-
rounding fluid) to venfy the exisience of watstborns reso-
nances, first noted by Junger in the 19505 1sze. for exampie.
Ref, 15). These representauve exampiss prove usefui in
exploiting expressions derived in the previous section for
the time-domain case. The swdy 15 done both in the nme
and frequency domains because botn cases have guite duf-
ferent resonance signarures. Finaily, we examine thickness
resonances from high-frequency incident piane waves on
elastic shells. These '‘resonances,” or raner inlernai re-
flections, occur when the wavelength caused by the com-
pressional waves cotresponds to a half-integral waveieagth
of the shell thickness. At ihat pownt, 1t czn be shown that
the shell is ""uansparent’” (0 the incident wave and reflects
from the inner surface (1ne core is assumed (0 be evacuated.
which yields a maximum retwrn signai.
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3.1 Rayleigh. Lamb. and Benaing Resonances

We now examune 2 phenomenon SPECIC 0 eiastic oojest:
with smooth bouncanies surrounced by an acoustic fiuil.
nameiy, body resonances. The boay resonances examined
originale from the curved-surfece equivaients of seismic
interface waves of pseudo-Rayleigh or Schoite type, pror
agaung circumferendally to form standing waves on a boundsd
obrect. If phase velocities are siowly varving 1as a funcuer
of frequency) at 'ne object surface. resonances oodur o
discrete values of &L 2. Thass resonances manlfest therm.
seives 10 a pres¢riced manner (cesenbed bejow . Forewer-
gated elastic solids, tnsze disunct resonance {ypes 9%cu
The first kind that we rijustrate nas (o do with denaing mocs-
or flaxurat resonances. For unsupported spnercuds. a piane
incident wave at 45 deg relauve 1o the ax1s of symmetr
can excite the modes iilustrated in Fig. | for aspect rauos
of 4 and S to 1. [t can be shown that the iowest mode
cortesponds to 2, and thereatter 1o 3. 4, etc. The interesiing
thing about these resonances 15 tnat they can be predicted
by exact beam theones and coincice nicely wiln results grver
here. Of particular interest, is the effect tnat with increasin?
aspect ratio the onset of resonances occurs at lower &L 2
values; the opposite to the observed in Rayleigh resonance.
The resonances predicted for aspect rauos of 3. 3, and
are illustrated in Figs. 2(a), 2(b). and 2(c}. The modai pa'-
tern is illustrated in Fig. 3 for the Arst four modas. A com
panson between the exact calcuiation (solid itre) and res.
opances predicted oy the Timoshenko beam theory (dashes
line) is presented in Fig. 4 for aspect ratios ¢f 1.5 to 5. Tre
apreement between exact (T-matrix) solution and beam tr:-
ory is seen 1o be quite good.




Cewew W W -

232}
ns2
1 1 D=3
1.18 } 4
hood
P ; | 5 ne8 7
-~ !
/ b . k2
2 4 € 8 10 14 18 24
&
2.0
ne?
3 UD=4
4
1.38 ¢ i |
| . n=S
f’* oo
\ \\/ y 8 ?
A st \_f-/\__/\__ ‘U2

]
2.84 [2.55.2 8.2 118 148 181
P b LD=8
2 3 4 s
1.32 v f
/‘, \ 0.6
f\‘ A
. Vg 2
2 4 6 810 14 18 24

-
1%
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The second kind of resonances tal iower freguencies) ar
caused by leaxy Ravieigh weas¢s and nave ceen shown °°
be related to botn erget geomsiry and maiene parameter:
{notably shear modulus and censity), Resonances can, ir
this case, best be observed by examining the backscattersd
echo amplitude plotied as a function of kL/2, often referred
to in the acoustic scanenng literature as a form function.
We illuswrate this in Fig. 3 jor broadside scettering from
spheroids of aspect ratic 2. 3. 4, and 5. Hers we see twe
resonances superimposed on tne semipariodic patiern caused
by Franz waves associated with rigid sestienng. If we sut-
tract rigid scattering (in partiai-wave space) from the efasiic
response, then we are left with the resonance response (see
exampies in Ref. [6), In addition to the above wave phe-
nomena, it is aiso possibie to excite whispenng galien
resonances, wiich can te sean for the fowest aspect ratic
cases in Fig. 5. in Fig. 5. tne parallel sign indicates tna
the resonances are excited apout the longest meridian. whereas
the perpendicular sign indicates that the resonance is excited
about the shories: meridian, Tne fact that broadside inciden:
plane waves do excite resonancas not only about the snores!
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Fig. 4 Companson of two mouosls: salid (ing: 7 mamx 473 dows
Timosnanko beam meory.

mendian but aiso sbout ine longes: meridian 1coinciding
with the resonances excited end-on) excludes tae possibi
wnat the resonances are caused by longitdina, ~bar’-npe
waves, Finally, in Fig. 6, we examine scattenne froma | ¢
to | aspect ratio alumninum shel! at incidence angles of 12

enc-on. (b} 43 geg relative 10 axis of svmmzin. anc -
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brogdside. Here we can excite three phenomena. At end-
on, we observe the Jowest symmetric Lamb resonances; at
45 deg we observe, in order of occurrence. a bending res-
onance, the Jowesi-order [amb resonance excited about the
largest meridian, and the two lowest Lamb modes excited
about the smallest meridian. Additional beading resonances
can be seen weakly at intermediate values. In Fig. 6(c) we
sce the broadside results in which the jowest bending mode
is present as well as the lowest two Lamb modes about the
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shortest meridian. This means that with the excephion of |
bending modes, an elastic shell (at least of this thickness)
has resonances with only two degrees of freedom, and tha:
both degrees can be excited at oblique angles (except at 90
deg) and that only the long (short} mendian types can be
excited (¢nd-on) broadside.

3.2 Time-Domain Backscattering from Sphericai
Sheils at Coincidence Resonance

In contrast to symmetric Lamb waves, whicn vield reso.
nances at iow frequencies in & submerged shell, antsym-
metric Lamb waves or flexural waves do not yieid reso-
nances until the phase velocity of the flexural wave is
approximately equal to the speed of sound in the ambien:
fluid.!* The frequency value for which this happens is re-
ferred to as the coincidence frequency. There are, however
subsonic fiuid-borne waves that produce sharp!'?-'3 (Auig-
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Fig. 7 (a} Time series—cw ping backscanersd rom 2 5% sohends’
WC sheil (n tne ume aomain and (0) form™m fUPCLEr— DAA52ANA!8S
ocho trom 2.5% WC sheil In tne irequency domar.

bome) resonances bziow the coincidence frequency. We
will refer 1o these fluid-bome waves as pseudo-Stonele:
waves and the relaied resonances pszudo-Stoneley rese.
nances.>'->* The pseudo-Stoneiey resonances are well de-
fined io partial wave space. usually correspoading to only
one partial wave mode numosar and 10 & very narrow hall-
width with a dispersive phase velocity tha: approaches tne
speed of sound in the fluid with wnereasing frequancy . Thes
diminish 1n signiticance at tne point for whizs the fexura!
résonances pegin to dominate. it jas deen opservad that ror
both flat plates that are fiuid 10aced on cne sice ang fc;
submerged shells, at coincidence, one obsencs a verv stronz
response. The associated resonance region bas been referrsd
to as the song flexural region in the herarure and can be
interpreted*® in terms of a singularity that occurs whnen the
wave pumber in the fluid is equal 10 that of the fiexural
wave on the surface of the object. The soong effect at the
coincidence frequency can be seen in Figs. 7(b) and 8(b).
which illusorates the effect at the indicated ka range for a
WC shell of 2.5% and a steel shell also a: 2.5% thickness.
Figure 9 illustrates the fact that pairs of pantial waves are
imponant at coincidence frequency. 1 which the broad corn-
tribution 1s related to the flexural wave and the narrow
(slower) parual wave is related 10 the walerborne wave.
Figures 9(a), 9(b), and 9(c) are tne pantiai wave amplitudes
for ka values of 33, 40, and SO, It 15 apparent that at the
lower ka, the fiexural mode is weak, whereas the waterbome
mode. which is dispersive and 2t this pount subsonic, is
narrow and significant. Figure 9(b] is calcutated at ka=40.
which Ulustrates that the fexurai mode is becoming more
dominant and well defined. and thal the rather dispersive

ACOUSTIC SIGNATURES OF SUBMERGED ELASTIC STRUCTURES
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Fig. 8 (a) Time senes—ow ping Cackscarsred trom 2.5% sonerics
stes! shell ang (L) form furction——~pacxscatierse o3no frem 2.5%
stesl ghall in tha trequency comsis.

waterbomne mode 1§ approaching toe speed of sound n water
and 1s still domunant. At the pownt at which the fiexural and
waterbome waves have phase velocities that coincide, they
seem (0 merge as illuswated in Fig. 9(¢). Actuaity, what i3
happening is that the partial waves are overlapping, bu!
actually they are somewhat out of phase $o that at that poin:
the actua! form funcnoa has begun to get smalier. Shon's
above this point the walsrbome wave disappears. Note the
at the cocidence frequency there 15 a phase cnange intr:
panial wave conuibuuons as weli. wWhich accounis for tns
envelope of the resanance curve al cowncigence (Snown hers
and in subsequent plots: wners the WaVES are in phase unt.
comncidence and out of pnase anerward. Qur interest hers
15 in examining the time-domain response because we expec:
the conditions of Eq. (8) to be partialiy met over a broad
frequency range and thus to yield & strong conerent responss
with a carrier frequency in the geighborhood of the fre.
quency at coincidence. Accordingly. we e¢xamine the case
of cw pings for two exampies for which one expects co-
incidence resonances to anse. This s cenainly suggested
by the strong responses tn Figs. 7(b) and B(b} at the kc
vajues 32 and 45, respecnively. for WC and steel, Further,
we use the Mindlin-Tumoshenko thick plats theory to qe-
termine the value for which the fiexural phase velocity will
equal the ambient speed of sound tn water. The expressions
we use are rrom flat piate theory, but they prove 1o be quite
reliable in predicting the phase veiocity for sprencal sheils
near the coincidence freguency. It 1s remarkabls that they .
in fact, do predict the frequency range in the fgures tna
match the peaks in ths strong fisxural regicn We determine
that the expression for the phase velocity i
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. Here ¢, is the snear speed and v is tne Poisson rato of tne
o matenal. The ratic A.a 15 a thickness parameser end c.. i
X the speed of sound ia water. The remaining defining expres-
e ; sions in Eq. {10) are discussec :2 Ref. 1. For the cases
= | presented here. g 1s 0.025. wrere a s the radwus of the
o : sphere. The group veiocity 1s cetenmnad by us 10 be
=
= M - -
:_oves‘E [2:§~:{'~3:;§H%?
2., ~ dw v JAEL
xr 0d~ — a ~ = 3 {1
'é di 12‘:‘ . ,,‘;__,xz‘/_‘-j“g.
,:-’::;2... ViCp = icevr— ol :’\\Q,’l
I s
0 i e The expression predicis the pount of coincigence quite rucely.
’ SR " B We now examine the ume-domain caicuiations. For the
‘ first example. we sxamine rungsten carbide (WC) of 2.5%
i thickness, illustrated in Fig. 7(zi. [n this case, we observe
a well-defined envelope with pronounced oscillations within
14 P the envelope consistent with expressions in the previous
w ! ‘ section. The ennancement caused by the factor 2 is obvious
= o4 both here and in Fig. 8(a). We can obiain tze mroup velocity
= from the peak-to-peak distance. The resuit ieads to a vaiue
z | of 2.23 kmvs. The expresston fer feaural waves predicts a
< 084 value of 2,53 knvs at comeiderce and 2 range of 2.44 to
< 2.68 krius over the ka range of 25 to 50, wherp the strong
E o4 flexurais are significant. in Wnat range. the phese velocity
= ranges from 137 :c . .38 kmvs. Tre vaiues of the predicied
ooz and ¢vrTacted grour velooites are not 11 exmemely good
< . agreement ine disagreement ;s 2boul (2%, Trus may e
T oo = caused in part by tae fact that 2at plate tneory may be in
G 4 812182024280236 404448322650 error or inadequate for sphencel fluid-loaded targets. We

N
(e

Flg. 9 Partia! wavs ampintudes for the sieel examo:s at (a; kam 23,
(b} ka=4Q, and (¢) ka =51, as functiona of the paria) wave incex n

. . V4
/ \ /

) +4(%> ]:(hl)(\%) }

where
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have determined the group velocity of the pseudo-Stoneley
wave for this case to be 2.65 kmvs, based on plate theory.
Moreover, the phase velocity (s in the range from 88 1o
98% cof the speea of sound :a the fluld, This value of grevn
velocity 15 within 3% of the exmected vajue from the ume-
domain solution. Moreover the pseudo-Stoneley resonances
have very narrow widwis, whereas the flexurai resonances
are quite broad. Tne conditions in Sec. 2 would indicate
that the fiexural resonances would rapidly dumpen whereas
the pseudo-Stoneley resonances would azenuate siowiy. Thus.
besed on the simiianty of the extracted group vejociy to
that of the pseudo-Stoneley wave and thz condibons 1n Sec. 2
we cenclude that the ume-domain calculations in Fig. 7(a)
represent pseudo-Stoneley resonences.

The final exampie 1s for tie steel shell of 2.5% thickness.
The results here are consistent with that of the staei case
and are illustrated in Fig. 8(a), Here the group veiocity was
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Fig, 10 Residual response fer an nia = 5% Mick skell aispiay:ng tne
trﬁnm resonancs: () stee: snati, (b) molybasnum shell. and (c) WE
shell,

extracted to be 2.16 km's as opposed to the plate theory
value of 2.33 kmys for fiexural waves. The range of vaiues
for the group velocines predicted from the fiat plate theory
was from 2.49 10 2.75 knv's over the ka range of 40 10 60
Here again, the difference was 12% between plate theon
and the extracted vajve On the other hand. the group ve-
locity for pseudo-Stonsiev waves s 2.26 kmus. which i

within 3% of the exwacted value. As in the previous ex-
ample, the pseudo-Stonziey resonances are guits NAITOW .
whereas the fiexurai resonances are broad, ana we concluce
that the resuits of Frz. Bia) represent predominan: v sseudo
Stoneley resonances.

3.3 Tnickness 'Hesonances' in the Echoes
Returmsa by Elastic Shaiis at Migh Fregusnc,

Figures 10{2). 10(). and 10(c) are the form funcuions zauses
by a plane wave incident on sphenca: sheils for 5% steel.
molybdenum. and WC, respectively. It 1s evicent tnat ir
the repion berween avout ka = 244, 265, and 290 there are
rather pronounced refurns inat Are quite a DI jarger in am-
plitude than usually observed for symmetnc ang antisym
metnc resonances. Tne expianauon for this event s gete:-
rmuned from the fact thal wnen &8 wavs goes o 4 iayerec
mazerial, if we dilatauonai wavelength of the faver s equa;
to balf the waveizngth of ihe peastanung wave. en e
reflection coefficien: s st equdl 1o ther fsusesd by tne
interior layes. which in s case corresponds o 2 seof
scatterer (1.e.. tne cavity was evacualed;, an2 thus, !
refiected signai wnen added to the usual suracs s2deqy
signal (s al 8 meximum To datarmine whers tois nappe:
we examine 2t what vaiue of kg this will hapoen 127 a sie

3

VoI
[T

.

T
o -

shel witn comepressionar speed 5.98 kms Tns perun
relaven fro 2 flai piate approximaton (acsguale at hign
frequency)

1

nec; L~
W e - (ic',

1.3

W, — - 2

(hai. o
Here cg and oo ars he speeds O cOmMpressiona: wasves [or
steel and water. respectively (5,95 kms and § 4825 kms..
and #/a 1s tne rao of the thickness 1o the radiee of the snali
{nere 0.1, 0.C23, and 3.057. Thus xa =126, 252, ard 502,
respestivels. wqich are 1n ihe range of the large retums
Figures 1(a: and [1iny wre tne form functions of vieel shiei’s
of 10% and 2.5%, respecthvely. Tne compressiona: veio:
wes of moivodenum and WC ar2 635 and*A.8% wnio
precicl in the comesirange To determing thel tus s inges.
e comedl mierpreldlion we examing wipeit o :
maxmum 167 e zero-order part
to tne fiat p.zie approxpmancn. Figures 12 ,
12¢¢y illustrese tnar tnis, 1ndeed. 1s &l ka= (25 180 arc
504. respecunely. (o7 the steei cases. Moreover Figs {3z
and 13(b) fer the lowsst parual waves of tne cases 1n Figs.
10rb) and JOe) vield simijar agreement. Tne nroac widis
of the resomances is due to the fact that iz ticxness &
which the piane incident wave “'sees’ the shei. s usuaily
greater thas (i shell thickness. aad mus: cerrespond
higher order parmay waves tut lowsr &g values. This inter-
pretauon aiso predicls higher-orger resoranis; swren ths
thickness 15 equai to 2 multipie of haif-integer comeressiona
wavelengths;. and indead the predictions are coTodorates
and will be wlustrated gisewnere.

4 Conclusions

We nave tliusrraied several new large resonanc: pauerr.
that offer s means cf target identification Doiaming are
known 10 bs zbie 10 disunguish barween coms of differsr:
material: Dernans tney maxe use of the dicknese resonanc:
At e lower reguency end. tme-gomaln nignas centers
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